Abstract: Aiming for high-sensitivity refractive index biosensing, we investigate Fano resonance in a one-dimensional photonic crystal cavity-coupled microring resonator (PCMRR) on a silicon chip. Calculated results show that utilizing the asymmetric line shape of the Fano resonance, the detection limit can be reduced by a factor of 5 and the intensity detection sensitivity of PCMRR can be increased by a factor of 5 compared with a regular silicon-oninsulator, reaching the values of ∼7.2 × 10 −4 RIU and ∼1.76 × 10 4 dB/RIU, respectively. Owing to its simplicity, compact footprint, and excellent performances, our device would be a promising candidate for optical label-free sensing applications.
Introduction
In recent years, due to the wide applications such as biomedical diagnostics and chemical analysis [1] - [3] , various optical label-free biosensors based on optical resonant cavities have been extensively investigated, including surface plasmon resonance [4] , [5] , Fabry-Pérot cavities [6] , [7] , one-dimensional (1D) and two-dimensional photonic crystal (PhC) cavities [8] - [12] , and whisperinggallery-mode microresonators (WGMRs) [13] - [18] . Thanks to their unique features of high Q-factor and ultra-small mode volume [19] , [20] , WGMRs have offered a fruitful platform for the realization of optical label-free biosensors.
Among all types of WGMRs, microring resonators (MRRs) have attracted broad research interests due to their compact footprint, low power consumption, convenience of integration, etc. In order to achieve better sensing performance (i.e., lower detection limit (DL) and higher sensitivity), many structures based on MRRs have been proposed and demonstrated [13] , [14] , [21] , [22] . However, the sensing performances of above devices are generally limited by symmetric Lorentzian lineshape of MRRs [23] , [24] . Unlike conventional symmetric line-shape, Fano resonance has an asymmetric line-shape to provide a higher slope rate for achieving higher Q-factor, leading to a smaller resonance wavelength shift or higher variation of transmission intensity for higher sensitivity. Using this enhanced sensitivity induced by asymmetric Fano resonance line-shape, a small spectral shift induced by refractive index (RI) change in environmental mediums can be detected, resulting in a better DL.
To achieve Fano resonance for label-free sensing, structures based on MRRs have been widely investigated, including partially reflecting elements coupled MRRs [23] , [25] , MRRs based on twobeam interferometer [26] , grating Fabry-Pérot cavity coupled MRRs [27] , MRRs with a feed coupled waveguide [28] and so on. To avoid the issues of system complexity, footprint and fabrication imperfection, we propose a new label-free refractive index sensing approach by combining 1D PhC with MRR (PCMRR) structure and, to the best of our knowledge, this structure has not been investigated yet. The physical mechanism of Fano resonance based on this device is analyzed and the sensing performances are also optimized and evaluated. More interestingly, the mechanism of performance enhancement based on our device is not only benefit to the sensing area but also in other research scenarios such as optical switching/modulating, filtering, etc.
Device Design and Fano Resonances

Device Design
As shown in Fig. 1(a) , the proposed device is an add-drop MRR with one bus waveguide being etched as a one-dimensional photonic crystal cavity (1D PhC), which consists of two same air holes tapering scheme (HTS) [29] on symmetry of coupling point A. In Fig. 1(b) , in each HTS, there are 15 air holes with a fixed periodical constant ( ) of 335 nm. To achieving an excellent mode matching between the 1D PhC and MRR, the distance (L) between two HTS is set to 670 nm. The holes radii decrease quadratically from 102.5 nm (center-hole) to 72.5 nm, which can be calculated as follow:
In addition, N mirror holes with the radius of 72.5 nm are added to off-center side of each HTS for controlling the coupling strength to the bus waveguide. In Fig. 1(c) , the cross-section view of the device along the direction from A to B is given, where the thickness (h) of silicon device layer and silica layer (t su b ) of the silicon-on-insulator (SOI) platform are 220 nm and 2 μm, respectively. To guarantee the existence of higher order cavity modes, a strip waveguide with a width of 500 nm is employed as the fundamental waveguide structure. The geometrical parameters of our proposed device are summarized in Table 1 .
Fano Resonances
The transmission spectrum of our proposed device is simulated by the three-dimensional finitedifference time-domain (3D-FDTD) method as shown in Fig. 2 (a). In this simulation, a small grid size is chosen to obtain the simulation results with high accuracy. The first-order and second-order defect modes are observed at 1539.41 nm and 1553.50 nm within the bandgap of the 1D PhC with the range of approximately from 1330 nm to 1600 nm, and a 'U'-like spectrum appears between the defect modes. When the resonance peak of MRR locates in the 'U' line-shape area, the coupling between two defect modes occurs. Consequently, Fano resonance generates at the resonance wavelength of the MRR, leading to an asymmetrical line-shape as shown in Fig. 2(b) . In order to clearly explain the generation of Fano resonances, the transmission spectra of the MRR, 1D PhC and PCMRR are all calculated using 3D-FDTD methods and given in Fig. 3 . As shown in Fig. 3(a) and (b), the calculated transmission spectrum of MRR is a Lorentzian resonance line-shape with a Q-factor of 1.05 × 10 4 and an extinction ratio (ER) of 10 dB, while a 'U'-like line-shape is observed for the given 1D PhC. In these transmission spectra, the terms of MRR and 1D PhC can be regarded as discrete resonant states and continuum states, respectively [30] . When these states are mutually coupled, Fano resonances with an asymmetric line-shape with a Q-factor of 3.2 × 10 4 and an ER of 23 dB appears, as shown in the transmission spectrum of PCMRR in Fig. 3(c) .
Device Optimization and Analysis
To optimize the transmission spectrum of Fano asymmetric line-shape in Fig. 2(b) for the realization of high Q-factor and high ER sensitive sensors, two key parameters of wavelength detuning (i.e., the wavelength spacing between the bottom of the 'U' line-shape and the resonant wavelength of MRR) and the intensity of the bottom of 'U' are investigated. In fact, the numbers of mirror holes (N) are utilized to control the intensity of the bottom of 'U' line-shape.
Firstly, we simulate MRRs with different radii and, accordingly, the different resonant wavelengths to investigate the wavelength detuning effect, while keeping the other parameters in Table 1 unchanged to maintain the transmission spectrum of 1D PhC. The corresponding Q-factors and ERs are calculated using 3D-FDTD method as given Fig. 4(a) , and are observed with the variable wavelength detuning. This is because that Fano resonance is produced by the coupling between the discrete states and the continuum states. When the discrete states (i.e., the resonant wavelength of MRR) are changed, the coupling would be changed, leading to the changes in the Fano resonance. In Fig. 4(a) , Q-factor increases rapidly with wavelength detuning when the wavelength detuning less than 0 nm, and reaches its maximum without any wavelength detuning. Furthermore, ER decreases rapidly with the increase of the detuning when the detuning is less than 1 nm, and ER increases dramatically when the wavelength detuning is more than 1 nm. So in order to obtain the highest Q-factor for achieving highly sensitive sensors, it is necessary not to induce any frequency detuning, which is related to the MRR with the radius of 5.85 μm. Although ER is not very high in this case, the value of more than 20 dB is still achieved, thus allowing the realization of high-performance sensors.
Secondly, Q-factors and ERs are calculated for 1D PhC with different N to further investigate the influence of the mirror holes number N on Fano resonance line-shape. The depth of the 'U' line-shape (i.e., the depth of bandgap) can be manipulated by controlling N. A larger N leads to a deeper bandgap. Fig. 4(b) shows the influence of different N on the Fano resonance line-shape. The different N result in the variation of the bandgap depth, which affects the coupling between 1D PhC and MRR and leads to the changed Fano resonance. It is observed that, as the increase of N, Q-factor increases dramatically when N is less than 2, and then decreases afterwards. Therefore, N is selected to 2 for the maximal Q-factor of 3.2 × 10 4 and ER of 23 dB, which shows a great potential of high-sensitivity refractive index sensing. Although ER is not very high in this case, the value of more than 19 dB is still achieved, thus allowing the realization of high-performance sensors.
Refractive Index Sensing
Using the optimal parameters above, the characteristics of the refractive index sensing is investigated by monitoring the shift of resonant wavelength induced by the surrounding environment. In our simulation, the refractive index of the solution containing bioanalytes is changed from 1.3332 to 1.3432. The refractive index of silicon used in simulation is 3.476 [31] , and the refractive index of substrate material (silica) is assumed to be 1.444 [32] . The transmission spectra of PCMRR are simulated by exposing the device into five different mediums with different refractive indices of 1.3332, 1.3342, 1.3362, 1.3392 and 1.3432, as displayed in Fig. 5(a) .
For sensing applications, there are two interesting quantities including sensitivity (S) and detection limit (DL). Normally, two sensing schemes can be used: the resonant wavelength shift scheme and the intensity-variation scheme. The highest sensitivities correspond to the maximal sharpness of resonance peak and the maximal spectral slope value respectively [33] . In our work, the sensitivity can be expressed as
where λ is the change of resonance wavelength for a n refractive index change. In Fig. 5(b) , the resonance wavelengths of the PCMRR and MRR as a function of the refractive index are given. The simulation result shows that the sensitivity of PCMRR is 67 nm/RIU and the sensitivity of MRR is 43 nm/RIU. This result agrees with the illustration in [33] which stated that the sensitivity could be highest if the resonance peak has the maximum sharpness. Due to Fano effect, the resonance peak of PCMRR is sharper than the regular MRR device. DL is defined as the minimal refractive index that can be detected, written as
where λ res is the resonance wavelength. As given in the discussion of Figs. 3 and 5(b), Q PCMRR ≈ 3Q MRR and S PCMRR ≈ 1.5S MRR can be obtained, where Q PCMRR and Q MRR are Q-factors of PCMRR and MRR respectively, and S PCMRR and S MRR are the sensitivities of PCMRR and MRR respectively. According to (3), the detection limit of this sensor (D L PCMRR ) is 7.2 × 10 −4 RIU, and the detection limit of MRR (D L MRR ) is around 5 times as big as D L PCMRR , which means that a better DL is achieved by using our proposed device with a introduced Fano resonance line-shape compared to MRR with a Lorentzian resonance line-shape.
As for the intensity-variation scheme mentioned before, the high-sensitivity sensing based on PCMRR can also be realized by measuring the change of transmission intensity at a fixed wavelength. Taking advantage of the sharp transition region of asymmetric resonance line-shape, a dramatic intensity change induced by small refractive index change in environmental mediums can be detected easily, leading to better intensity detection sensitivity. In this case, the sensitivity can be estimated by
where I is the change of transmission intensity at a fixed wavelength, and n is the refractive index change in environmental mediums. As shown in Fig. 6(a) and (b) , the transmission spectra of MRR and PCMRR are simulated respectively with different external refractive indices of 1.3332, 1.3333, 1.3335, 1.3338, 1.3341 and 1.3345. Fig. 6(c) shows that the transmission intensity change at a fixed wavelength for MRR (at λ 0 = 1544.59 nm) and PCMRR (at λ 0 = 1544.59 nm) as a function of the refractive index of the surrounding solution. The simulation show that PCMRR has a refractive index sensitivity of ∼ 1.76 × 10 4 dB/RIU, while MRR has a sensitivity of ∼ 3.1 × 10 3 dB/RIU. The results indicate that the proposed device has a more than 5-fold increased intensity detection sensitivity compared to MRR. The spectral slope of the asymmetric Fano resonance line-shape is sharper and therefore improves the intensity detection sensitivity as indicated in [33] .
Conclusion
In summary, we have demonstrated Fano resonance based on a photonic crystal cavity-coupled microring resonator on a silicon chip and presented its performance on the refractive index sensing. The added 1D PhC can easily realize Fano resonance to improve sensing ability while remaining the goodness of small footprint of MRR. Calculated results show that due to the sharp asymmetric lineshape of Fano resonance, the detection limit and the intensity detection sensitivity of the PCMRR are ∼ 7.2 × 10 −4 RIU and ∼ 1.76 × 10 4 dB/RIU, respectively, which decreases the detection limit of a regular silicon-on-insulator (SOI) microring resonator with a factor of 5 and increases the intensity detection sensitivity with a factor of 5. It is worth noting that the spectral performance of Fano resonance can be further improved by optimizing the Q-factor of MRR, by using the materials with low losses [34] and optimizing fabrication processes [34] , [35] , etc. Due to the great performances, we believe that our PCMRR structure would be a great potential for the biological and chemical analysis scenarios.
